Abstract The characteristics of lead-acid batteries for wheelchairs in terms of a new empirical equation for the capacity, application of the Palmgren-Miner Rule for sizing the battery, and the effect of depth of discharge on the life cycles is presented. A brief section about selecting an economical battery for an electric wheelchair is included.
INTRODUCTION
The battery performance of electric wheelchairs was measured under indoor and outdoor conditions at the University of Virginia Rehabilitation Engineering Center, and the results reported in 1983 (7) . In 1986, a similar study was conducted at the Energy Research Laboratory, Denmark, (9) , that included the performance of lead-acid batteries commonly available in Europe . In both of these studies, it was reported that the battery was the most frequent cause of breakdown and the most limiting component of electric wheelchairs . Data from the Danish study (9) determined that the deep discharge tubular positive plate lead-acid wet cell was the most economical choice for an electric wheelchair (6) . Currently, the tubular positive plate battery for wheelchairs is only available in Europe.
In this paper we are concerned with lead-acid batteries for wheelchairs, and in particular a method for characteriz-ing the capacity of the battery under the variable discharge load of wheelchairs, sizing the battery in battery design, and the effect of depth of discharge (DOD) on life of the battery. We have extended and corrected an approach published previously (7) .
BATTERY CAPACITY
The practical discharge capacity of the lead dioxide of the positive plate and the lead of the negative plate in a dilute solution of sulfuric acid electrolyte depends on many factors, but mainly on rate of discharge and much less on temperature. The primary capacity of interest is that of a single cell with discharge time defined as the time to reach a specified cut-off voltage . A single cell voltage is approximately 2 volts and cells in series connections are built into a battery, where common arrangements are 3 cells giving 6 volts, and 6 cells giving 12 volts . The available electrochemical energy of the cell is measured in watthours, but since the voltage does not change very much, the capacity in terms of ampere-hours is most often listed.
A number of empirical equations relating discharge current and time have been proposed, but only Peukert's equation proposed in 1897 (1, p .291) has found wide application . The Peukert equation relates current I to time of discharge t, and is a power law equation given by
In t=C I
where n and C are constants for a particular battery operating at a particular temperature . For very low currents, much lower than used by a wheelchair, as I-÷O, Equation [1] predicts that t--oo , which is physically unreal. At high currents, including currents used by wheelchairs, Peukert's equation does not fit the test data very well . We propose to use a new empirical equation for battery capacity in the form of Q = Nit = NA(l + aT)B '/i n [2] where Q is the capacity in terms of ampere-hours, N is the number of positive plates in the cell, A is a constant, a is the coefficient of temperature correction for capacity, T is temperature in degrees Celsius, B and n are constants, and i is the current per positive plate in amperes . This equation, a modification of the Peukert equation, fits the cell or battery discharge curve more accurately at high currents. It incorporates the concept that the capacity of cells containing the same components but having a varying number of plates is proportional to the number of positive plates (3) . The total current is related to the number of positive plates as
Equation [2] can be manipulated for convenience of analysis to the form t = A(l + aT)Bl N/(I/N)n [4] and can be simplified further resulting in t = Ko B I/In [5] where Ko = AN n(1 + aT)/Bn [6] Equation [5] can be used to describe the power versus discharge time of a battery by simply replacing the current I by power P and evaluating new constants for Ko and B, so that t = KoB P/Pn [7] Figure 1 shows typical automotive LSI (lighting, starting, and ignition) battery discharge performance at 27 degrees Celsius in terms of current or power versus discharge time . Here it is shown that the deviation from Peukert's equation occurs above 20 amperes or watts, which is well within the operating region of interest for wheelchairs. Because the equations fitted to the curves by the least-squares method are empirical, there is no physical relationship between current and power curves . Equations [1] , [5] , and [7] are shown on Figure 1 for comparison. In addition, a constant energy equation arbitrarily passing through the 20-hour discharge time is also shown .
The fact that the curves in Figure 1 deviate from the constant energy equation is related to the nonuniform electrochemical reactions in the porous plates . The mechanism for the loss in capacity of the cell as shown by the deviation from the constant energy line is still somewhat obscure. It appears that the basic electrode process of dissolution of lead ions and precipitation of lead sulfate is at the heart of the matter . Collins (2) presents a particularly clear discussion of electrode kinetics . Figure 2 shows the effect of current density on the distribution of lead sulfate in the discharged positive plate . Bode (1, p . 159) reports experimental work which shows that if the electrolyte is forced to flow through the plate during discharge, the loss in capacity at high current densities is recovered, i .e., the distribution of lead sulfate is uniform throughout the plate regardless of current density . It is not practical to use forced convection of electrolyte in a battery, so capacity equations which include reduction of capacity with increasing current or power must be used.
The effect of temperature on capacity based on work reported by Bode (1, p . 292) is shown in Figure 3 . Bode (1, p .291) states a rule of thumb for the effect of temperature on capacity : there is an increase of capacity by 1 percent per degree Celsius rise . He also states that the thermal coefficient is a = 0.008 per degree Celsius for automotive LSI batteries according to the International Electrotechnical Commission (IEC) . Both of the above values are somewhat larger than shown in Figure 3 , and for accurate work the coefficient must be measured for the battery being used . The break in the curves in the region of -10 degrees Celsius corresponds to the temperature where the electrolyte begins to freeze. Figure 3 shows that the thermal coefficient is not a constant below the freezing point of the electrolyte . The effect of temperature on capacity is related to the diffusion and Convection of electrolyte into the porous active mass and to a link with the formation of lead sulfate.
BATTERY SIZING
When considering a lead-acid battery for an electric wheelchair, one can consider the problem of sizing in two ways . First, for a given number of commercially available batteries of different capacity, it is necessary to select a battery that will have sufficient capacity between recharges. The second way is to consider the capacity needed and, knowing the capacity per positive plate of a particular design, calculate the number of positive plates which, with the correct size of negative plates to form a cell, will supply the required capacity. In either case, the method of calculating the size depends on knowing the requirements in terms of electrical current or power placed upon the battery during discharge, called the duty cycle.
Wheelchair duty cycle
A three-step duty cycle for indoor and outdoor operation of an electric wheelchair was previously documented (7) . In that paper, the power at the battery (which included all losses in the pulse-width-modulated controller and other wheelchair losses) was recorded and histograms of battery power demand prepared . Using the data tapes of power, the time interval was systematically reduced and histograms drawn . When the reduced time interval histogram deviated significantly from the total time histogram, the basic time interval for a duty cycle was chosen . This method produced a duty cycle of 60 seconds with three power levels plus off time, as shown in Table 1 . For the indoor cycle the average load is 123 watts, or 5 .1 amperes, and for the outdoor load it is 184 watts, or 7 .7 amperes.
An indoor and outdoor two-step duty cycle was determined (9) based on measured performance of 24-volt electric wheelchairs, and is given in Table 2 . The average load for the indoor test in Table 2 is 19.2 watts, or 0.8 ampere, and for the outdoor test it is 129 watts, or 5 .4 amperes . of the battery in terms of energy, watt-hours, which is a scalar function that equals the sum of the individual power demands on the battery during discharge by Pavg t = Pitt + P2t2 + P3t3 + [8] where the P i are variable loads, and ti are the corresponding times for each load . Since t is the total time for discharge of the battery, and for repeating duty cycles, it is convenient to define the time fraction as pi = ti/t
Substituting the time fraction in Equation [8] gives
The average power can be predicted for any repeating duty cycle . By knowing the power-time discharge curve, the total discharge time of a particular battery can be predicted . For example, consider the single cell battery of Figure 1 and the duty cycle from Table 1 [9]
[10] Tables 1 and 2 give similar average results for the outdoor test, but very different results for the indoor test . It is not felt that the difference between duty cycles for the indoor test are in error, just that the two cases represent the extremes for different users.
Palmgren-Miner Rule
In order to apply the results of the measurement of duty cycles to predict the discharge time for a particular battery (the first sizing approach), a method for taking into account the variation in power demand and time must be considered . Hoxie (3) presented an approach in 1954 that is still being used by the battery industry (8) . In order to get good results with the Hoxie method, it is necessary to carefully consider each part of the duty cycle and in some cases a proper interpretation is necessary. A new method, called the revised Palmgren-Miner Rule method for variable loading, gives just as good results as the Hoxie method and the application is more straightforward . The PalmgrenMiner Rule method was applied to battery discharge under variable loading for the first time in 1983 (7) . A revised method was used in this study. Figure 4 . The battery used in previous work (7) is characterized by constant power DC discharge data (X), constant power pulse-width-modulated controller discharge (0), and a particular DC driving cycle (duty cycle) shown by a square . The square point is the measured value for the total time of discharge during the repeated application of the driving cycle, and is plotted at the average value for the variable power loading . Thus, it is shown that the predicted value for total time at Pavg is very close to the measured time, and certainly within the apparent accuracy of the different measurements for the battery.
Since the battery capacity equations are empirical, choosing to analyze the battery capacity in terms of amperehours rather than watt-hours and neglecting the changes in voltage, gives results within satisfactory experimental accuracy. For example, the same duty cycle examined above yields an average current of I avg = !;(3iI; = 5 .1 amperes [13] and using the discharge equation from Figure 3 gives a prediction of the time of discharge as t = 168/5 .1 1'2 = 23.78 hours [14] This result compares very well with the power calculation.
Cell sizing
The second approach to sizing is to determine the size of the battery in terms of positive plates required in each cell for the expected duty cycle and required time of discharge . An approach is given by Hoxie (3) and Migliaro (8) , but they use a method which has certain difficulties when considering duty cycles with decreasing rate of discharge and complicated duty cycles . In this paper, the revised Palmgren-Miner Rule approach which is more straightforward will be used.
By making use of Equation [4] and Equation [13] we can solve for the number of plates, N, needed to deliver the average current required by the duty cycle for the required time of discharge. Equation [4] becomes where
It is necessary to solve Equation [15] by trial and error or by using standard computer techniques . An approximate equation explicit in N which gives values on the high side can be derived by using the first two terms of a series expansion of Bd , which gives
An example calculation can be demonstrated using the cell whose discharge curve at 27 degrees Celsius is shown in Figure 1 . If it is assumed that the cell contains 10 positive plates, the constants for each positive plate are calculated to be A(1 + aT) = 10. 35 [18]
Now we will use Equation [15] to calculate the number of positive plates necessary to produce a cell which will carry the average current of the indoor duty cycle in Table  1 Thus, a 5 positive plate-per-cell lead-acid battery with a discharge curve similar to that shown in Figure 1 would satisfy the design requirements of the cell.
BATTERY LIFE
The lead-acid storage battery life in terms of usable cycles of charge and discharge is characterized by sudden and complete failure due to mechanical breakdown or elec- trolyte leakage, and a slow decrease in capacity per cycle to an unusable level of capacity such as being unable to start an engine in the case of an automotive LSI battery. Neglecting mechanical failures, since they are often due to the quality of manufacture, the slow decrease in capacity is associated with : 1) sludging of the positive mass; 2) destruction of the positive grid ; and, 3) defects in the negative mass and separators (1, p .334). The life of the battery is influenced by temperature, acid density, overcharge practice, and depth of discharge (DOD) . Of these factors, DOD has a very pronounced effect on the life of the battery.
Depth of discharge is defined as the percent of removed capacity during one discharge-charge cycle related to the average initial capacity of the first discharges . During testing the DOD is controlled for each cycle of discharge and recharge . Now and then a full discharge to a specified depth, i .e., 60 percent DOD or 40 percent capacity, is run to determine if the end of life in terms of available capacity has been reached . This type of testing is called second life (1, p .333) . Some tests of an automotive LSI battery by Bode (1) and a data point for a deep cycle battery reported by Kauzlarich et at. (7, Table 1 ) are shown on Figure 5 . In Figure 5 we see that the life of a battery is significantly affected by the DOD, with life falling by a factor of 10 if the DOD changes from 10 percent to 100 percent . This effect is the main reason automotive LSI batteries show a very long life in automobiles, where the generator of the car keeps topping up the battery so that the average depth of discharge is low, but a very short life if used in a wheelchair where the DOD for each day's use is on the order of 100 percent . Figure 5 shows the advantage in increased life for a deep cycle lead-acid battery, and it is this battery that is recommended for wheelchair use.
A relation between DOD and battery cost, originally considered by Kauzlarich et al. Figure 4 . At the outdoor average power of 130 watts, this size battery will operate continuously for 5 hours and deliver 27 ampere-hours at 100 percent DOD. Any larger capacity battery that can be mounted on the wheelchair will prove to be more economical, as shown in Figure 6 . For long life, the liquid level in the battery must be maintained and the battery kept charged, but not overcharged . A charger with an automatic cut-off is highly recommended to avoid overcharging. is an improvement in cost per cycle for using a battery with greater capacity than the basic per day requirement, as shown in Figure 6 . For example, Figure 6 assumes that the battery is recharged every day so that the daily DOD, which would be 100 percent for a 20 A-H battery, is only 20 percent for a 100 A-H battery . One could use a larger battery than needed (the 100 A -H battery), recharge it every 5 days, and get a little better cost per day than shown in Figure 6 . However, in our experience the best advice is to recharge every day to be sure the battery is not too deeply discharged. Very deep discharge can lead not only to fewer cycles of life but sometimes to difficulty in recharging the battery.
BATTERY SELECTION
When purchasing a battery from a catalogue of commercially available batteries one should select the lead-acid wet cell, deep cycle (deep discharge, golf cart, or boat) battery because it will be the most economical and is the type recommended by wheelchair manufacturers . Though not available in the United States, the tubular positive plate battery is the most economical for wheelchair use . If the wheelchair is taken on an aircraft it must be equipped with a battery allowed on aircraft, such as a gelled cell or a starved electrolyte battery.
The typical wheelchair requires two 12-volt batteries to be connected in series on the wheelchair, with limitations on the size of batteries that can be mounted in the battery carrier. In general, the rating of the battery should
